Introduction
The periodontal ligament is a membrane-like connective tissue surrounding the root of a tooth. It lies between the hard tissues of alveolar bone and cementum of teeth and serves to anchor the tooth to the alveolus and functions as a cushion between these hard tissues to migrate occlusal force during mastication. This tissue also plays key roles in supporting the tooth in the bone socket of the jaw and also in maintaining homeostasis of the surrounding tissues, such as alveolar bone and cementum (1) .
Many histological studies, using light-and electronmicroscopy, have showed that the integrity of the tissue is lost as a function of age in human as well as in experimental animals (2) (3) (4) . The periodontal ligament is always exposed to mechanical stress during mastication. When occlusal forces exceed the adaptive capacity of the periodontal ligament, the periodontal ligament tissue will be injured and occlusal trauma will occur.
Histological and clinical studies have clearly indicated occlusal trauma in alveolar bone loss of crestal height (5, 6) . It has been shown that mechanical tension force, using a Flexer strain unit apparatus, significantly increased IL-ß1, prostaglandin E2 (7, 8) , and plasminogen activator activity (9) in human periodontal ligament derived fibroblast cells.
The clinical relevance of parodontal tissues clearly exceeds the current knowledge of their ultrastructure. Regenerative and reparative processes of root cementum and connective-tissue attachment on hard tissues generate greater interest than the ultrastructure and structural biology of these tissues, and many recent studies have focused on cementogenesis (10, 11) or on the metabolism of periodontal cells (12, 13) .
The cemental insertion of the periodontal ligament deserves particular attention because of the growing importance of guided tissue-regeneration techniques and the dependence of the development of new connective tissue attachments from the bioactivity of their tissues (14) (15) (16) .
In addition, load deformation and stress strain curves for the periodontal ligament can be obtained by loading a transverse section of a tooth axially in vitro (16) (17) (18) . In this way, the studies of the effects of various factors such as occlusal conditions (19) , different root levels (18, 20) on the biomechanical properties of the ligament have suggested that the load deformation and stress strain curves are determined largely by the geometrical arrangement and the nature of the periodontal fibres (18) .
The different modifications of periodontal ligament during load deformation can be monitored by analysis of the expression of different collagen types, with immunohistochemical techniques, and by morphological study of ligament, with light-and transmission electron-microscopic techniques. Collagen type I, a heterotrimer consisting of two α1 and one α2 (21) subunits, is the major collagen produced by prechondrogenic mesenchymal cells. As these cells differentiate into cartilage-producing cells they terminate collagen type I synthesis and initiate the synthesis of cartilage specific collagens such as types II, IX and XI (21) . However, during chondrocyte culture and under pathological conditions such as osteoarthritis collagen type I appears to be re-expressed (22) (23) (24) (25) .
Collagen type IV is one of the major constituents of the basement membrane, and is composed of a central triplehelical region (TH domain), an amino-terminal triple-helix domain (7S domain) and a carboxy-terminal globular noncollagenous domain (NC1 domain) (26) . Collagen type IV, also, is the major component of vascular basement membrane and it plays a crucial role in angiogenesis (27) . It was demonstrated that the remodeling of vascular basement membrane can provide crucial angiogenic and anti-angiogenic molecules to control the formation of new capillaries (28) .
Fibronectin is one the first extracellular matrix proteins produced by odontoblast and osteoblasts (29) (30) (31) . Fibronectin is composed of two similar polypeptide chains whose subunits chains are linked by disulfide bonds (31, 32) . It is a multidomain protein containing a large number of small structural domains (31) . In addition this protein has been suggested to play a key role in the interaction of the implant surface and surrounding matrix (29) (30) (31) .
It is known that collagen and fibronectin molecules play a key role in tissue's remodelling processes, following orthodontic movement (33) . In particular, the collagen type I is quantitatively most present (78.06%) in periodontal ligament, forms compact fibers anchored to cement and to alveolar bone making the periodontal ligament to oppose masticatory forces. The collagen type IV is localized in basal membranes of vessels. Fibronectin is essential to the periodontal ligament fibroblast migration forming proteic system of matrix. Besides, fibronectin plays a key role in degradation of matrix during periodontitis in human teeth.
Some ultrastructural and analytical research has been done on periodontal tissues, however, the published findings vary widely. Most recent studies converge on animal models (34) (35) (36) but reveal that a wide dissimilarity exists among equivalent tissues in different species, so that data obtained from animal models are often impossible to extend to humans. Ultrastructural studies on human tissues are still insufficient (37, 38) .
On these basis we performed a study on modification induced by application of a precalibrated and constant orthodontic strength of periodontal ligament. The percentage of adult patients who seek orthodontic treatment has increased significantly in recent years. The orthodontic treatment consist on principle of a continued application of pressure on the tooth, causing displacement with remodelling process of alveolar bone.
The tooth moves in the interior of the bone dragging the attach periodontal system together with alveolar processes. It is known that orthodontic movement consist of pressuretension mechanism; the tooth movement is produced by modification of cellular activities stimulated through chemical messengers, which are generated by variations of blood flux in periodontal ligament.
The use of continued and light orthodontic force generates a pressure on the ligament with ejection of the parodontal fluid externally and partial closing of vessels (39) . Alteration of blood flux and variation of oxygen tension influences the cellular activity and it is possible to note an increase of cAMP, important for cellular differentiation, and PG-E that has cellular specific activity (40) .
In the periodontal ligament of some teeth, small patches of hyalinization were found at the pressure side, mostly located buccally or lingually of the mesiodistal plane, whereas large areas showed necrotic tissue. Therefore, the hyalinization limits tooth movement, but there is no relationship with the force level.
The aim of this study was to evalue periodontal ligament collagen types I and IV and the fibronectin modifications induced by application of a precalibrated and constant orthodontic strength at different stages of treatment. We integrated these results, with light and transmission electronmicroscopic observations, in order to evaluate the morphological modifications of periodontal tissue.
Materials and methods
Tissue preparation. For this study we utilized a coilspring NiTi 50 gr in vivo human samples of 20 premolars, 10 maxillaries and 10 mandibulars, of 10 patients aged from 13 to 18 years, subjected to orthodontic treatment. These teeth were extracted at 3 and 72 h, 7 and 14 days from application of force, respectively.
The extraction of the periodontal ligament scared the radicular surface on the pressure and tension side. The results were compared with periodontal ligament samples of the normal homologous teeth (control).
Immunohistochemistry. The periodontal ligament samples were fixed in 3% paraformaldehyde in a 0.2 M phosphate buffer at pH 7.4. After numerous rinses in 0.2 M phosphate buffer and saline phosphate buffer (PBS), they were infiltrated with 12% and 18% saccharose, then frozen in liquid nitrogen and sliced on a cryostat, following the protocol used to carry out indirect immunofluorescence.
The sections, about 20 μm thick, were cut on a cryostat and collected on glass coated with 0.5% gelatin and 0.005% chromium potassium sulfate. To block non-specific sites and render the membranes permeable, the sections were preincubated with 1% BSA and 0.3% Triton X-100 at room temperature for 15 min. Finally, the sections were incubated with primary antibody.
The following primary antibodies were used: anticollagen I (Sigma Chemicals, St. Louis, MO) diluted 1:100, anti-collagen IV (Sigma Chemicals) diluted 1:100 and antifibronectin (Sigma Chemicals) diluted 1:100. In all reactions, TRITC-conjugated IgG goat anti-mouse was used as first fluorochrome, diluted at 1:100, applied after incubation with the primary antibody.
Sections were then observed and photographed using a Zeiss LSM 510 confocal microscope, equipped with an Argon laser (458 and 488 nm) and two HeNe lasers (543 and 633 nm). All images were digitized at a resolution of 8 bits into an array of 2048x2048 pixels. Optical sections of fluorescence specimens were obtained using HeNe laser (543 nm) and Argon laser (458 nm) at a 1-min 2 sec scanning speed with up to 8. Thick sections (1.50 μm) were obtained using a pinhole of 250.
Contrast and brightness were established by examining the most brightly labeled pixels and choosing a setting that allowed clear visualization of structural details, while keeping the highest pixel intensities near 200. The same settings were used for all images obtained from other samples that had been processed in parallel. The images presented were obtained using a function of the software provided by the manufacturer of the microscope.
The function, called 'display-profile', allowed us to show the intensity profile across the image along a freely selectable line. The intensity curves are shown in a graph below the scanned image.
The graphics were obtained analyzing fluorescence intensity data and elaborating them with Microsoft Excel. Digital images were cropped and figures prepared using Adobe Photoshop 7.0.
Light microscopy. The specimens were fixed overnight in 2.5% glutaraldehyde plus 4% paraformaldehyde in 0.1 M sodium cacodylate buffer at 4˚C, dehydrated in ethanol and infiltrated with Technovit 9100.
Semithin sections (1 μm) were cut with an ultramicrotome (LKB Ultrotome V) and were stained with toluidine bluepironine for 5 min, then the sections were examined and photographed with an Olympus BH-2 microscope.
Transmission electron microscopy. For electron microscopy, the periodontal ligament was exposed, and prefixed in 4% glutaraldehyde fixative buffered by phosphate at pH 7.2-7.4. The samples were then tied to an applicator stick, removed, and placed in the larger volume of the same fixative at 4˚C for 2 h more. We made every effort not to damage the periodontal ligament.
After prefixation the samples were fixed in 1% OsO 4 buffered to pH 7.2 with 0.1 M phosphate buffer containing 0.54% glucose. The fragments were then dehydrated in ethanol and embebbed in Durcupan. Semithin sections were cut and evaluated, by light microscopy in order to better define the field of observation. Ultrathin sections, obtained using a microtome LKB Bromma 2088 Ultrotome V and mounted on 200-to 300-mesh copper grids, were stained, according to Reynolds (41) using uranyl acetate in 70% ethanol and lead citrate solutions, and examined with a Phillips CM 10 transmission electron-microscope.
Results

Immunohistochemistry.
Immunofluorescence reactions were performed in order to verify the immunostaining patterns of type I collagen, type IV collagen and fibronectin, in human periodontal ligament both normal and after 3 and 72 h, 7 and 14 days from orthodontic treatment. The sections were analyzed using a stack of 16 sections (0.8 μm of scan step), and carried out on 20 μm thick cryosections of periodontal ligament.
The control reactions showed that type I collagen is uniformly distributed and that vessels are clearly detectable (Fig. 1) . After 3 h from treatment, type I collagen staining was increased in the tension and pressure side ( Fig. 2a and  b) . After 72 h from treatment, in both sides the protein staining was gradually increased (Fig. 2c and d) . At 7 days, type I collagen staining pattern, was severely reduced in the tension side (Fig. 2e) , while, in the pressure side the immunofluorescence of this protein showed the same values as the samples obtained at 72 h from treatment (Fig. 2f) . After 14 days from orthodontic treatment, the type I collagen staining pattern, in the tension side, continues to increase (Fig. 2g) . In the pressure side, immunofluorescence of this protein, was severely reduced (Fig. 2h) .
Immunofluorescence analysis of type IV collagen, compared with control reaction (Fig. 3) showed a gradual decrease of protein staining at 3 and 72 h after the treatment, in the tension (Fig. 4a and c) and in the pressure (Fig. 4b and  d) sides. After 7 days, type IV collagen staining pattern, both the tension (Fig. 4e) and pressure (Fig. 4f) sides, showed a light increase of immunofluorescence. This staining pattern increase, became more evident at 14 days from treatment, in both sides ( Fig. 4g and h) .
The fibronectin staining pattern, compared with control reaction (Fig. 5 ) was gradually increased, in the pressure side at the various stages of treatment (Fig. 6b, d, f and h ). In the tension side, the immunofluorescence staining of fibronectin was decreased (Fig. 6a, c and e) , until it was almost absent at 14 days (Fig. 6h) . In addition, in order to investigate the presence of the tested protein staining we applied the software 'display profile' to all reactions. This further analysis, screening the intensity profile across the image along a freely selectable line, confirmed the type IV collagen staining. In particular, this protein, compared with control reaction (Fig. 7a) , showed fluorescence intensity values included between 30 and 130, at 3 h from treatment (Fig. 7b) . These fluorescence peaks, at 72 h, were severely reduced (Fig. 7c) , until the fluorescence was almost absent at 7 days (Fig. 7d) , with fluorescence values at 0 to 80. After 14 days from treatment, the type IV collagen showed intensity peaks which return to almost normal with values up to 180 (Fig. 7e) .
The results obtained on type I collagen and fibronectin stainings, analyzed using software 'display profile', reflected the results obtained with the simple observations of tested proteins (data not shown).
The results obtained with confocal laser scanning microscopy were used in the graphics (Fig. 8 ) which indicate the behaviour of the tested protein. In Fig. 8a , we show the behaviour of type I collagen in control reaction (blue line), in the pressure side (red line), and in the tension side (yellow line). The graphics show that in the pressure side the staining pattern of type I collagen increases gradually until 14 days from treatment; instead, in the tension side, the yellow line shows that the staining pattern of type I collagen increases until 72 h. After this stage, the immunostaining of protein decreases progressively.
In Fig. 8b , we show the process of fluorescence for type IV collagen. In both sides the staining pattern of this protein decreases gradually until 7 days from treatment. After this period, the immunofluorescence of type IV collagen increases. Finally, Fig. 8c , shows an increase of staining pattern of fibronectin until 72 h, both in the tension and in the pressure side. After 72 h, the immunofluorescence of this protein continues to increase in the pressure side, while decreases in the tension side.
Light microscopy. Morphological analysis of control periodontal ligament (Fig. 9a) showed the presence of numerous collagen fibrils thickened in defined bundles. The fibroblasts are tapering and possess thin cytoplasmic extensions; their axis is parallel with collagen fibrils. It is possible to see the vascular component and some Malassez's epithelial residue. At 3 h from treatment (Fig. 9b) , light microscopic observation showed a reduced vascular component; the fibroblast and collagen components are thinner and less numerous; the same behaviour is shown for Malassez's epithelial residues.
After 72 h from treatment (Fig. 9c) , the periodontal ligament showed severe damage, with almost no collagen fibrils and few vessels. Besides, the fibroblasts showed their axis not parallel with collagen fibrils, demonstrating a disorganization of periodontal ligament structure.
At 7 days (Fig. 9d) , the fibroblast component has numerous vessels and Malassez's epithelial residues; moreover, the structure becomes again more organized. Finally, after 14 days from treatment (Fig. 9e) , the vascular component is most developed and fibroblasts are at the peak level. Malassez's epithelial residues are numerically increased and their volume is at the peak of development. Transmission electron microscopy. Our observations, carried out with transmission electron-microscope, revealed that, in control samples, the fibroblasts have a normal cytoplasm proportioned with nucleus (Fig. 10a) ; the collagen fibrils are numerous and organized in parallel bands (Fig. 10b) . At 3 h from orthodontic treatment, the ultrastructure of fibroblasts is less abundant while the nucleus shows normal activity, the morphology is roundish (Fig. 10c) ; the collagen component becomes less abundant and it is possible to note only a few fibrils (Fig. 10d) .
After 72 h, the fibroblasts showed an ultrastructural disorganization with wider nucleus and a sparse cytoplasm, losing the proportion between nucleus and cytoplasm (Fig. 10e) ; collagen fibrils are severely reduced, because the fibroblasts were also able to phagocyte the collagen fibrils (Fig. 10f) .
At 7 days after treatment, the cytoplasm of fibroblasts returned to an abundant and most developed state (Fig. 10g) ; additionally, the macrophages frequently indicated reparative processes during mechanical stress (Fig. 10h) .
After 14 days, the cytoplasm of fibroblasts was most abundant (data not shown), indicating a remodelling process of periodontal ligament. The vascular component increased considerably, indicating a further increase of neoangiogenesis (Fig. 10i) . The Malassez's epithelial residues were most numerous and showed a large volume (Fig. 10l) .
Discussion
In this work we analyzed, with confocal laser scanning microscope, the periodontal ligament collagen types I and IV and the fibronectin modification on subjects during application of a precalibrated and constant orthodontic strength. Our observations showed that: a) type I collagen immunofluorescence staining is increased in the pressure side. In the tension side, it shows prior to treatment an increase and after 72 h of treatment, a diminution of staining pattern; b) type IV collagen staining is reduced in both sides, but increased gradually after 7 days from treatment; c) finally, fibronectin staining pattern is gradually increased in the pressure side and reduced in the tension side; d) in light and transmission electron-microscopic observations it is possible to show a reduction of vessels at 72 h from treatment, and an increase of vessels after 7 days from treatment. The Malassez's epithelial residues are decreased at 72 h, while they are increased after 7 days from treatment.
Possible changes in the fiber configuration of the periodontal ligament in relation to its load-deformation curve have been previously investigated (42) (43) (44) . The mechanical response of a soft tissue to external stress is non-linear (45, 46) . On minor straining, the tissues present little resistance to elongation, which translates graphically into a relatively flat segment to the load-displacement curve that is also referred to as the 'toe'. After maximum uncoiling and stretching, the fibers begin to break. At this stage, the curve becomes ragged until final rupture occurs (47) .
An essential element in mechanical response is the ground substance, glycoproteins, glycosamino-glycans, glycolipids, and proteoglycans immersed in water (48) . Most of these macromolecules tend to swell when they are encased in a collagen matrix. They will also exhibit destructive behavior due to their resistance to flow under shear loading (49) .
Another important element in tooth support is the vasculature. The participation of the periodontal blood vessels in tooth support has been showed (42, 50) , but there are insufficient data on the mechanisms and their relative importance (51) . Besides, periodontal ligament also contains elastic fibers, which provide for regulatory function of the blood supply (52) . Their role in the mechanical properties of periodontal ligament has not yet been clarified, but they may contribute to the overall elasticity of the tissue. . After 72 h, the periodontal ligament showed a decrease of collagen fibrils and vessels. Besides, it is possible to note a disorganization of collagen fibrils (c). At 7 days from treatment, the fibroblast component, vessels, and Malassez's epithelial residues increased and the structure becomes again more organized (d). After 14 days, vascular component and fibroblasts again increased and Malassez's epithelial residues are at the peak of development (e).
Extracellular matrix also plays an important role in the regulation of cell dynamics and cell behavior by providing extracellular signals via receptor mediated signaling. Type I collagen is the major component of the ECM which provides tensile strength and support, as well as modulates various cellular functions. The mechanical stimulation of periodontal ligament alters type I collagen, tropoelastin and fibronectin production and these cells are differentially responsive to varying levels of mechanical stress (53) .
Collagen is the main structural protein in vertebrates. It plays an essential role in providing a scaffold for cellular support and thereby affecting cell attachment, migration, proliferation, differentiation, and survival. As such, it also plays an important role in numerous approaches to engineer human tissue for medical applications related to tissue, bone, and skin repair and reconstruction.
On the basis of our results, increase of collagen type I immunostaining on the pressure side can be hypothesized for use in the establishment of a thickening of fibrillar matrix as defensive reply to mechanical stress. In our opinion, this behaviour can play a key role in the establishment of a hyalinization process. There is evidence showing an association between type I collagen and growth factors during the process of wound healing. An application of basic fibroblast growth factors (bFGF) to type I collagen sponge enhanced dermal wound healing (54) .
The progressive decrease of collagen type IV immunostaining, in all samples, can indicate a loss a vascular component. This protein is localized, mainly, in perivessel zones. We are able to confirm that on the side of pressure there is indeed hyalinization. After 7 days from application of force, collagen type IV shows an increased staining pattern. This behaviour can indicate an angiogenesis process. In fact an induction of angiogenesis was detected after embedding collagen sponge soaked with several growth factors including IGF-I in the mouse subcutaneous tissue (55) .
Angiogenesis is a complex process that involves ECM remodelling, migration, proliferation, and the functional maturation of mature blood vessels (56, 57) . Type IV collagen plays a crucial role in angiogenesis (27) . Vascular basement membrane constitute an important component of blood vessels (58) . Remodelling of vascular basement membrane can provide crucial angiogenic and anti-angiogenic molecules to control the formation of new capillaries (59, 60) .
The increase of fibronectin immunostaining on the side of pressure and the positive trend on the side of tension could be relative to reparative processes, as occur in the cicatrisation skin process. The fibronectin can promote the growth of periodontal ligament cells and may play different effects on the attachment and proliferation of periodontal ligament cells. It could be hypothesized that the increase of collagen type I and fibronectin immunostaining on pressure side could indicate that the force could determine an increase of metabolic activity in the periodontal ligament.
Our light and transmission electron-microscopic observations confirm these hypothesis. The increase of the Malassez's epithelial residues indicates the proliferative capacity due to inflammatory processes of periodontal ligament; the increase of vessels indicates an angiogenic process that involves during application forces.
The modification of normal staining patterns of tested protein in our observations, could be determined by variation of scaffold geometry of periodontal ligament. The reduced movements of contraction and relaxation of periodontal ligament, due to orthodontic treatment, provoke a loss of mechanical stresses transmitted over the ligament surface. Mechanical signals, therefore, could be integrated with other environmental signals and transduced into a biochemical signal through force-dependent changes in scaffold geometry. Physical forces of gravity, hemodynamic stresses, and movement play critical roles in tissues, since the cells use tensegrity architecture for their structural organization (61) . Tensegrity is a neologism utilized to indicate the balance among tension and compression that causes some objects to maintain their structural integrity under tension. More generally, the structural shape of a tensegret is guaranteed by Figure 10 . Transmission electron-microscopic images obtained at various stages of treatment. In control observations, the fibroblasts showed a normal cytoplasm proportioned with nucleus (a), and collagen fibrils are organized in parallel bands (b). After 3 h, the ultrastructure of fibroblasts is less abundant and their morphology is almost roundish (c); it is possible to note few collagen fibrils (d). At 72 h from treatment, the nucleus of fibroblast is wider and cytoplasm sparse (e); collagen fibrils are severely reduced (f). After 7 days, the cytoplasm of fibroblasts become abundant (g); macrophages are present indicating reparative processes (h). At 14 days from treatment, the vascular component increases considerably (i), and there is a massive presence of Malassez's epithelial residues (l).
interaction between a set of members in tension and a set of a member in compression.
Our results, obtained on human samples, not only make clear the behaviour and function of the periodontal ligament proteins during orthodontic treatment, but also open a new research line in order to clarify the interaction of these proteins in the context of periodontal ligament. Similar studies could be performed in human periodontal ligament obtained from patients of different ranges of ages and of male and female subjects. It is demonstrated that increased estrogen levels were related to an increase in anterior cruciate ligament laxity (62) and they stimulated types I and III collagen synthesis at the mRNA level (63) .
It would be intriguing also to integrate this study with observation of integrin staining because the constituents of vascular basement membrane contain binding sites for cell surface integrins for cellular attachment (64) . Integrins modulate changes in cell shape and signal-transduction events in the absence of growth factors and also play an important role in the response of the cell to growth factors either directly or indirectly through modulation of focal adhesions.
